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Abstract
In this note we report the results of measurements performed with cosmic rays on different LHCb
Muon Chambers. The main characteristics of the chambers have been investigated as a function of the
high voltage value in order to achieve a better comprehension of the detector performance both for
optimizing the chamber working conditions on the experimental apparatus and for providing useful
information for the Monte Carlo simulation.
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1 Introduction
The LHCb Muon System ([1] and [2]) is composed of five detector stations (M1-M5), equipped with
1380Multi-Wire Proportional Chambers (MWPC).While the chambers in stationM1, placed upstream
of the calorimeter system, are composed of two gas-gaps in order to minimize the material budget,
the chambers in stations M2-M5 have 4 sensitive gaps. Because of the large variation in the particle
flux between the central and the external parts, each station is subdivided into four regions (R1-R4)
equipped with chambers having different geometries and readout granularities. According to the
chamber position on the apparatus, the signal is read out on the anode wires or on the cathode pads
or on both. This muon system plays a fundamental role in the experiment level-0 trigger. For this
reason, the chambers should fulfill very stringent requirements:
• an average number of fired channels lower than 1.2 per track crossing;
• a detection efficiency larger than 99% in a 25 ns time-window;
• aging properties that allow the detector to work in the LHCb radiation environment for 10 years
of data taking.
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Comics rays represent a very useful tool for investigating and testing penetrating particles detectors.
With the aim of studying the performance of the LHCb Muon MWPC, we have designed and built a
test stand able to house 6 chambers and acquire with a TDC via a custom multiplexer [3] up to 600
LVDS channels. In this note, a study of the muon detection efficiency, the time and space resolution
of the MWPC equipped with final Front-End electronics which consists of an ASD circuit [4] and an
integrated circuit for the threshold and timing settings[5], and Faraday cages are reported. The aim
of this work is to get a first idea on the working conditions to be used on the apparatus for different
types of chamber. A sketch of the cosmic stand with the chambers on board is shown in Fig 1.
Figure 1 Sketch of the cosmic stand with chambers on board.
The trigger system is made by two 150 × 50 cm2 scintillator slabs placed upon and below the stand
both read out by two Photo-Multiplier Tubes (PMTs). A 10 cm thick lead filter was used to cut events
without a penetrating muon in the apparatus. The trigger signal, provided by the logical AND of all
the 4 PMTs, has a rate of about 6 Hz. The muon crossing time is calculated by using the time of the
trigger signal corrected for the time of flight of the light into the scintillators. A jitter of 1.6 ns was
measured for the muon crossing time as shown in Fig. 2 by means of a 5×20 cm2 scintillator finger.
Entries  8820
Constant   2023
Mean      125.9
Sigma    
 1.614
Time (ns)













Figure 2 Muon crossing time distribution with respect to a scintillator finger signal.
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2 Chambers under test
Data have been acquired and analyzed for four chambers of the following four types: M3R3, M5R4,
M4R2 and M5R3. In the M5R4 chambers the signal induced on the wire-pads is read out. In the other
chambers the read out signals are the ones induced on the cathode. According to their distances from
the interaction point and the beam axis, the readout pads have different dimensions and thus also
different capacitances to ground (Cdet). In particular:
• the M3R3 has 2.7 x 13.5 = 36.5 cm2 pads and a Cdet of 114 pF;
• the M4R2 has 5.8 x 7.3 = 42.3 cm2 pads and a Cdet of 140 pF;
• the M5R3 has 6.2 x 15.5 = 96.1 cm2 pads and a Cdet of 145 pF;
• the M5R4 has 6.2 x 31.0 = 192.2 cm2 pads and a Cdet of 225 pF.
The detectors were supplied with the same Ar/C02/CF4 (40/55/5) mixture foreseen for the LHCb
experiment. For each chamber two sets of data, with different discriminator thresholds, were acquired
as summarized in Tab. 1.
Table 1 Summary of the threshold settings used during the data acquisitions. The values of the readout elec-
tronics sensitivities, which depend on Cdet, are also shown.
Chamber Type Sensitivity (mV/fC) Low Threshold (fC) High Threshold (fC)
M5R4 7.2 10.0 15.0
M5R3 8.8 7.0 10.5
M3R3 10.0 5.0 7.5
M4R2 9.0 5.0 7.5
The threshold values for the low-threshold configuration were fixed by the requirement that all the
channels of each chamber had a noise rate lower than 1 kHz. The cathode read out chambers can
be operated with a threshold of 5 fC except the M5R3. The high capacitance of the M5R4 chamber
requires a higher discriminator threshold, but, the average amplitude of the signal induced on the
wires is twice the one induced on the cathode pads. So, the anode-readout chambers can be operated
with a threshold higher than the cathode-readout ones without any deterioration of their performance.
The values of the high-thresholds are simply a factor 1.5 higher than the low-thresholds.
3 Analysis algorithm
A brief summary of the main characteristics of the algorithm used in the data analysis is presented
in this section. The crossing of a muon track is assessed by the external trigger provided by the two
scintillators. The noise rate of each of the four PMTs used is of the order of 105 Hz and the discrim-
inated signals, sent to the coincidence module, are 25 ns long. In this configuration the rate of fake
triggers (i.e. trigger due only to a casual coincidence of noise signals in all the four PMTs) is of the
order of 1.5× 10−3 Hz to be compared with a total trigger rate of 6 Hz. Empty events (i.e. events with
no hits in the chambers), are found and rejected at the beginning of the analysis. The use of a multi-hit
TDC and of a custom Multiplexer allows to acquire the time of all the hits of the chambers in a 160
ns wide window around the trigger time. In particular the time window is opened 40 ns before the
trigger time and is closed 120 ns after. The analysis algorithm subtracts the trigger time (corrected for
the time of flight of the photons inside the scintillators) to the time of each hit and then assigns it to
the right chamber and channel. A first histogram of the time distribution of the hits for each chamber
is performed in order to find the t0 of the chamber, i.e. the most probable time value for the cham-
ber response to a muon crossing. Then, event by event, the following steps are performed for each
chamber:
1. if, at least, one hit is found in a 100 ns time window around the trigger time, the event is consid-
ered as detected by the chamber;
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2. if more the one hit is found, the one closest to the chamber t0 is considered as the one due to the
muon: its time is the response time and the fired pad is the hit pad;
3. the muons hitting in the same position the M5R3 chamber and the M5R4 chamber (i.e. muons
with a maximum angle w.r.t the vertical of 5 degrees) are indicated as vertical muons.
For each event with a vertical muon:
4. the total number of hit-pads is recorded as the event chamber multiplicity;
5. the number of fired pads in the same row of the hit pad within a maximum delay of 25 ns after
the response time is recorded as the chamber pad-cluster size.
Once the event by event analysis is done the results of the run are summarized:
1. the ratio between the number of detected events and the number of all the “non-empty” events
represents the total detection efficiency;
2. the ratio between the maximum number of detected events having a response time in a time win-
dow of 20 ns and the number of all the “non-empty” events represents the chamber efficiency
in 20 ns;
3. the mean and the RMS of the response times represent the chamber mean time and time resolu-
tion;
4. the average values of the chamber multiplicity and pad-cluster size distribution are recorded.
4 Measurements results
In order to get an idea of the chamber behavior, the results of the low-threshold runs will be shown in
details in this section.
4.1 Chamber total efficiency
The total detection efficiency was measured as a function of the high voltage (HV) applied to the
chamber. The results are shown in Fig. 3 All the chambers show a detection efficiency well above 99%
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Figure 3 Detection efficiency as a function of the high voltage applied to the chamber.
down to a voltage of 2450 V. No significant difference between the chambers was found.
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4.2 Chamber efficiency in 20 ns
One of the main requirements for the Muon Chambers is the correct identification of the bunch cross-
ing that has produced the detected muon. This translates in the requirement of a detection efficiency
in the bunch crossing time window higher than 99%. The high voltage value allowing one chamber to
provide the above efficiency is indicated as the lower limit of the high voltage working region. In Fig. 4
the values of the detection efficiency in a 20 ns time window are reported as a function of the HV. The
HV (V)





















Figure 4 Detection efficiency in a 20 ns time window as a function of the high voltage applied to the chamber.
lower limit of the high voltage working region resulted to be:
• 2500 V for M3R3;
• 2520 V for M4R2;
• 2570 V for M5R4 and M5R3;
The two chambers operated with higher thresholds (M5R4 andM5R3) provide the required efficiency
at slightly higher high voltage values. Anyway, all chambers, in the low-threshold configuration, have
a working region starting at a high voltage value between 2500 V and 2600 V.
4.3 Chamber time performance
The chamber time resolution and the chamber mean time have also been studied as a function of the
high voltage value. In Fig. 5 the response time spectra are shown as obtained at 2800 V, for the four
chambers.
In Fig.6 and Fig.7, the behavior of the mean values and of the RMS of the response time distributions
are shown. A time resolution of about 3.5 ns is achieved at 2800 V by all the chambers. The mean time
of the chamber response is found to show a variation of about 4 ns every 100 V of the high voltage
supply, that means every factor 2 in the chamber gas gain [6].
4.4 Chamber multiplicity and pad-cluster size
Another important requirement for the working condition of the chambers is the number of pads
fired per particle crossing. We studied both the average number of pads fired in the chamber, called
“multiplicity”, and the “in time pad-cluster size”, i.e. the average value of adjacent pads that are fired
whithin a 20 ns time window after the particle crossing and belonging to the same row of the hit
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M5R4 Entries  23060
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Response Time (0.8 ns)








Figure 5 Distributions of the response time of the chambers: M4R2 and M5R3 in the first row and M5R4 and
M3R3 in the second row.
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Figure 6 Variation of the mean time of the chambers as a function of the high voltage with respect to the one
obtained at 2550 V.
pad. In order to achieve a resolution of about 20% on the muon transverse momentum needed by
the LHCb level-0 trigger, each detector must provide an “in time pad-cluster size” lower than 1.2. The
maximum high voltage value at which this requirement is fulfilled is indicated as the upper limit of
the high voltage working region. The behavior of the “multiplicity” and of the “in time pad-cluster size”
as a function of the high voltage is shown for all the chambers in Figs.8 and 9. The end of the working
region is found for a high voltage value higher than 2800 V for the M4R2 chamber, at 2750 V for the
M5R4 and at 2700 V for the M5R3 one. The chamber M3R3 shows an “in time pad-cluster size” of 1.2
already at 2520 V.
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Figure 7 RMS of the time distributions of the chambers as a function of the high voltage.
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Figure 8 Average number of fired pads per particle crossing in the chamber as a function of the high voltage.
5 Working regions
From the analysis of the acquired data, in particular from the behavior of the efficiency in 20 ns and the
“in time pad-cluster size” (sections 4.2 and 4.4) the possible working regions for all the tested chamber
types have been evaluated with both the low and high thresholds. In general, a value of 2800 V will be
considered as a maximum high voltage value for a safe operation of the chambers.
5.1 M4R2
In Fig. 10 the efficiency in a 20 ns windows and the “in time pad-cluster size” as a function of the high
voltage are shown. For the M4R2 chambers the working region starts at 2520 V with low threshold and
2600 for high threshold. No limitation on the working region arises from the in time pad-cluster size up
to 2800 V.
5.2 M5R4
Data for the evaluation of the working region of theM5R4 chamber are shown in Fig. 11. For theM5R4
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Figure 9 Average number of adjacent pads fired in a 20 ns time window after the particle crossing and belonging
to the same row of the hit pad as a function of the high voltage.
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Figure 10 Comparison between the efficiency in 20 ns and “in time pad-cluster size” as a function of the chamber
high voltage, with low (left) and high (right) threshold for the M4R2 chamber.
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Figure 11 Comparison between the efficiency in 20 ns and “in time pad-cluster size” as a function of the chamber
high voltage, with low (left) and high (right) threshold for the M5R4 chamber.
chamber the working region starts at 2570 V with low threshold and 2600 for high threshold. Also in this
case, no limitation to the working region (up to 2800 V) comes from the “in time pad-cluster size” data
in the high threshold configuration, while in the low threshold configuration an end value of 2750 was
found.
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5.3 M5R3
Data for the evaluation of the working region of the M5R3 chamber are shown in Fig. 12.
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Figure 12 Comparison between the efficiency in 20 ns and “in time pad-cluster size” as a function of the chamber
high voltage, with low (left) and high (right) threshold for the M5R3 chamber.
For the M5R3 chamber the working regions found are:
• from 2570 V to 2700 V with low threshold;
• from 2600 V to 2750 V with high threshold.
5.4 M3R3
Data for the evaluation of the working region of the M3R3 chamber are shown in Fig. 13.
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Figure 13 Comparison between the efficiency in 20 ns and “in time pad-cluster size” as a function of the chamber
high voltage, with low (left) and high (right) threshold for the M3R3 chamber.
For the M3R3 chamber the working regions found are:
• from 2500 V to 2520 V with low threshold;
• from 2580 V to 2600 V with high threshold.
The M3R3 chamber shows very good efficiency and time performance allowing to have 99% of effi-
ciency in 20 ns for low high-voltage values. Unfortunately, the pad size and geometry give rise to a
slightly high pad-cluster size and this limits the working regions. In both the threshold configurations
a 20 V wide working region was found.
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5.5 Summary
A summary of the working regions (WR) andworking points (the centers of the working regions, WP)
for the four types of tested chambers is shown in the table 2 (assuming 2800 V as a maximum safe HV
value):
Chamber Type WR (low thr) WP (low thr) WR(high thr) WP (high thr)
M5R3 2570-2700 2630 2600-2750 2670
M5R4 2570-2750 2660 2600-2800 2700
M3R3 2500-2520 2510 2580-2600 2590
M4R2 2520-2800 2660 2600-2800 2700
Table 2 Summary of the working regions for the four tested chamber types.
The M3R3 and M4R2 chambers that have lower thresholds have also lower initial values for the WR.
In particular, the M3R3 chamber needs a lower working point in order to keep under control the
pad cluster size. Although the double effective gain of the anode-readout M5R4, the effect of higher
threshold for this chamber is visible, but the low cluster size of this chamber allows to have large
working regions in both the threshold configurations.
6 Conclusion
A lot of information has been provided by the cosmic ray test: 4 types of chamber were tested with the
final FEE and their performance was studied in details allowing to get an idea on the suitable working
conditions to be used already in the detector commissioning.
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